The application of cardiac catheterization to the study of the human circulation (Forssmann, 1929; Cournand and Ranges, 1941 ) provided a new technique for obtaining information about the pulmonary circulation and also for the study of the physiological effects of congenital heart disease (Bing et al., 1947a; Dexter et al., 1947b; Cournand et al., 1949) . Extensive studies have been made in which the pulmonary circulation in congenital heart disease has been investigated and in particular the pulmonary blood flow and peripheral resistance have been evaluated (for instance Bing et al., 1947b.; Handelsman et al., 1948; Hickam, 1949; Wood, 1950) . It has long been known, however, for the systemic circulation that the elasticity of the arterial walls in relation to their Windkessel (pressure reservoir) function is of great importance as well as the peripheral resistance (Frank, 1899 and 1926; Broemser and Ranke, 1930; Wezler and Boger, 1939) . has recently pointed out that the same consideration applies to the pulmonary circulation but so far no quantitative estimations of the " elasticity resistance " in the pulmonary circulation have been presented.
Cardiac catheterization used for the investigation of congenital heart disease yields data that may be used for the study of the systemic circulation as well as the pulmonary, so that it is possible to compare the effect of the cardiac abnormality on the two circulations although hitherto attention has usually been concentrated on the pulmonary circulation.
Formulae that give mathematical expression to the arterial Windkessel function are available and some are applicable to the data obtained by catheterization studies in normal subjects or in those with many forms of acquired or congenital heart disease. These or other formulae applied to the analysis of the changes occurring in the two circulations are capable of yielding valuable results enabling these changes to be studied with greater precision. From cardiac catheterization studies made in patients with suspected or proven congenital heart disease we have been able to make such an analysis in a variety of conditions and have confirmed the importance of the elasticity resistance in the pulmonary arterial system and of the interrelationship of the various components that determine the arterial blood pressure.
METHODS
The data used have been obtained by the catheterization technique described by Holling and Zak (1950) . Resting oxygen consumptions have been measured in a Benedict spirometer on the fasting patients immediately before catheterization; blood samples have normally been taken from each of the superior vena cava, inferior vena cava, right atrium, right ventricle, and pulmonary artery, from other chambers or vessels if entered and from a systemic artery by puncture; blood oxygen contents have been estimated by the Haldane apparatus (Douglas and Priestley, 1948) . Blood pressure records were obtained by a modified Hamilton manometer (Hamilton et al., 1934) The blood flows were calculated according to the Fick principle. Whenever possible the pulmonary arterial oxygen content has been used for mixed venous blood, but where left to right shunts were present samples proximal to the site of the shunt have had to be used. Where normal, the systemic arterial oxygen saturation has been substituted for the pulmonary venous oxygen saturation in calculating the pulmonary flow; where reduced on account of a right to left shunt a value of 96 per cent has been assumed for the pulmonary venous oxygen saturation. Where it was reduced and a pulmonary factor was suspected the arterial oxygen saturation while breathing oxygen has been determined; if this was then found to be normal the resting arterial oxygen saturation has been substituted for the pulmonary venous saturation.
All patients submitted to cardiac catheterization in whom pressures were measured by the Hamilton or S.I. manometer were considered, but strict criteria were applied in the selection of patients for analysis.
The majority were necessarily rejected as unsuitable on various grounds; thus, all patients with unknown, possibly raised pulmonary venous pressure, those with shunts into the pulmonary artery or with suspected pulmonary regurgitation (for reasons given later), all patients in whom the pulmonary artery was not entered so that no pressure record was obtained, and all those in whom the record obtained was not sufficiently clear to indicate the incisura marking the division between systole and diastole (mostly those with pulmonary stenosis) and all patients where for any reason the results seemed doubtful or unreliable have been excluded. Finally, 24 patients were selected as suitable for study.
The following symbols have been used to define the various characteristics of the pulmonary or systemic circulations, co-existing in time, as obtained from the pressure curves and cardiac output data: Ps = Systolic blood pressure in mm. Hg. El = Effective volume elasticity coefficient of the arterial system (=" elasticity resistance ") in dynes./ cm.5
The quotient E'/W, which is without dimensions. S, D, and S+D = The systolic, diastolic, and total pulse times respectively in a (= 10-3 sec.). In obtaining the data from the pressure curves the mean values obtained throughout a respiratory cycle have been used. The systemic arterial blood pressures were measured by a sphygmomanometer in the earlier investigations and by arterial puncture (brachial or femoral) in all the later. Applying Poisseuille's law (analogous to Ohm's law and the basis of the so-called Aperia's formula) to the circulatory conditions in the pulmonary and systemic circuits, the total flow resistance is given by the equation, W=(Pm-Pv)/C . . . . . . . . . . . . . (1) wherepm is the mean arterial pressure, pv the mean venous pressure in dynes./cm.2, and c the mean blood flow per second (VmI6O) in cm.3/sec. In the systemic circulation, in normal conditions, the mean venous pressure does not exceed about 3-6 mm. Hg so that compared with the magnitude of the arterial pressure it may be neglected (Wezler and Boger, 1939) and Pm may be substituted for (pm-p,,) in the above equation. Where the mean venous pressure exceeds 6 mm. Hg this approximation is not permissible and in some of our cases it has been necessary on this account to use the right ventricular diastolic pressure as a measure of the mean venous pressure, as pressures in the systemic veins have not been recorded. For the pulmonary circulation, in some cases of atrial septal defect or anomalous pulmonary venous drainage it is possible to make direct measurements of the mean venous pressure Hickam, 1949) , and in others the diastolic pressure in the left atrium can be determined or the right atrial diastolic pressure may be substituted as * An instrument operating on the electrical capacitance change principle manufactured by Southem Instruments, Ltd., Camberley, Surrey. an approximation; where, however, there is no such abnormality it is necessary to assume that the mean pulmonary venous pressure approximates to zero. In the presence of any condition, notably mitral stenosis, where the pulmonary venous pressure may be abnormally high such an approximation is not of course permissible.
The term W is expressed in absolute units in dynes. seconds/cm.5, and represents the total effective resistance of the small arteries, arterioles, and capillaries. To obtain W in these units it is necessary to multiply the pressures measured in mm. Hg by the factor 1332 (representing the product of the sp. gr. of mercury and the acceleration due to gravity).
The mean pulmonary arterial blood pressure has been determined by integration of the pulse curve, as has been done by Coumand and his co-workers (Riley et al., 1948) and by Hickam (1949) . The basis of this method is illustrated in Fig. 1 , and is that described by Wezler and Boger (1939) systemic arterial pulse curves. The area of the pulse curve is measured by planimetry and the value so obtained is divided by the length S+D to gain the value hp, the height of the shaded rectangle the area of which represents the area measured. The mean pressure of the pulse curve is then obtained from the relation hp x (ps-pd)/H, where H is the height of the pulse curve and (p3-pd) is the pulse pressure (i.e. the amplitude of the pulse curve in mm. Hg). The mean blood pressure in mm. Hg is the sum of this value and the diastolic pressure.
The quotient hp/H gives the fraction of the pulse pressure that equals the mean pressure of the pulse curve. From values obtained by the above method in a series of pulse tracings we have found this quotient for the pulmonary arterial pulse curves to have a value of 0-398 with a standard deviation ±0-08 (or expressed as a percentage about 40% 4 8%). It will be seen that the coefficient of variation is rather high, so it is clearly preferable, for the pulmonary artery, to perform planimetry in each case rather than to use this value to calculate the mean pressure from the pulse pressure.
In many of our cases systemic arterial pulse curves were not available and in them the mean systemic pressures have been calculated from the sphygmomanometric figures, using the value of 42 per cent for the above quotient as found by Wezler and Boger (1939) from a large series of subclavian arterial pulse curves.
Otto Frank (1899) and Wezler (1938) It is possible to use this equation to obtain values for E' by the use of pressure measurements and estimations of the blood flows obtained by independent methods such as are used in cardiac catheterization. The value of E', like W, is expressed in absolute units of the C.G.S. system; in calculating it, therefore, the pressures must be expressed in dynes./cm.2 and the diastolic time in seconds.
These formulae are based upon considerations of normal circulatory dynamics beyond the semilunar valves and are not therefore applicable in cases where there is either incompetence of these valves or an additional flow of blood through some abnormal channel into the arterial system. It is for this reason that we have had to exclude from analysis many patients in whom there was evidence or suspicion of pulmonary regurgitation or of a shunt through a patent ductus arteriosus or similar channel into the pulmonary artery.
NORMAL VALUES
In most cases of congenital heart disease there are abnormal features present affecting the pulmonary circulation. In order to analyse and assess the significance of the changes in the various factors upon which the pulmonary arterial pressure depends, it is necessary to have some knowledge of their normal values. It is known from the observations made by Riley et al. (1948 ), Stead et al. (1947 and Hickam and Cargill (1948) that large changes can occur in the volume of the pulmonary flow in various circumstances with only slight changes of pulmonary arterial pressure, which implies that the other factors controlling this pressure are themselves subject to large variations. Normal values must therefore be related to standard conditions and the resting or basal state is used throughout our study.
Adequate data concerning these normal values for the pulmonary circulation are not yet available and figures for the pulmonary blood flow and arterial pressure in normal subjects have been obtained only in a comparatively small number of persons, nearly all of whom have been adults. It is known from studies of the systemic circulation (Wezler, 1942) that the values of the factors involved vary with the age of the subject, and knowledge of the values in children is particularly scant. In order to assess the significance of our observations in congenital heart disease we had first to obtain some approximations for the normal values related to age. The figures we have adopted are given in Table I; values for intermediate ages have been obtained by interpolation. Systolic and diastolic pressures in normal subjects over twenty years of age have been reported by ), Werko (1947 ), Dexter et al. (1947a and Lagerlof and Werko (1948) . The figures we have accepted for subjects of twenty years and over represent the average of these, and using our observation on the relationship of the mean pressure of the pulse curve to the pulse Cournand et al. (1945) , McMichael and Sharpey-Schafer (1944) , Stead et al. (1945) , Werko (1947) and Lagerlof and Werko (1948) in a total of over eighty subjects. The average value obtained from these figures is 6 1./min. which is 30 per cent higher than the average value for normal adults obtained by Wezler and Boger (1939) using physical methods. The latter have obtained average values for subjects aged 5 and 10 years and we have added 30 per cent to these to obtain comparable approximations for the normal outputs in children. As some justification for this procedure it may be noted that the values so obtained agree with the average values we have found in children for the systemic blood flow.
Using these basic figures we have calculated a normal value for the pulmonary peripheral resistance in adults=200 dynes. sec./cm5. Lagerlof and Werko (1948) have recorded systemic intraarterial pressures in adults by arterial puncture and using their average figures (130/80 mm.) we have calculated the corresponding value for the systemic peripheral resistance= 1400 dynes. sec./cm5. In normal subjects the systemic and pulmonary blood flows are equal so these values are comparable and it will be seen that the systemic and pulmonary peripheral resistances are in the relation 7 :1.
In order to calculate the elasticity resistance (E') by the method used here it is necessary to know the diastolic time. Lagerl6f and Werko (1948) give 74 as the resting pulse rate in their normal adults during catheterization; from this figure, using the relation S/S+D=0-375 (an average value obtained from our pulse tracings in 21 subjects), we have calculated an approximate normal diastolic time (D)= 500cr. Using this a normal value for the elasticity resistance (E') in the pulmonary arterial system a figure of 700 dynes/cm.5 has been obtained. Correspondingly, again using Lagerlof and Werko's figure for the systemic arterial pressure, the normal value obtained for the elasticity resistance in the systemic arterial system is 1700 dynes/cm.5 By their physical methods in normal adults Wezler and Boger (1939) obtained a value for this factor of 1800 dynes./cm.5 which agrees well with our figure. The systemic and pulmonary elasticity resistances are in the relation 2.4: 1. It follows from the different relations between the peripheral and elasticity resistances in the systemic and pulmonary circulations that the quotient E'/ W (system.)= 1 -2 and E'/W (pulm.)=3 5.
Using the pulse rates given by Wezler (1942) for children of 5 and 10 years as a basis for calculating the diastolic time as above we have obtained the values given in Table I for the above-mentioned factors at those ages. For the systemic circulations we have used the blood pressure figures for children given by Fleisch (1927) as a basis for our calculations.
It is appreciated that many of these values are rather artificial but so long as the necessary observations on normal children are not available some such approximations are inevitable. When direct estimations have been obtained it will obviously be necessary to substitute these. Meanwhile the departures from normal that we shall consider are in most cases so large that even considerable errors in the normal values adopted would not affect the validity of our conclusion-s. In all cases we have elected, in accordance with the views of Rossier et al. (1950) , to present the absolute values rather than to attempt a relation to body surface.
RESULTS IN NORMAL HEARTS All our patients have been studied on account of suspected congenital heart disease so that we are able to present results from only one subject where the findings seemed to indicate that the heart was normal.
Case 1. H. T. (No. P268), 16, m. Suspicion of congenital heart disease was raised on a soft systolic murmur in the pulmonary area, with a normal pulmonary second sound, found after a mass radiograph was said to show an abnormal shape of heart with a prominent pulmonary conus. There were no symptoms and no disability. Investigations here showed that the heart was displaced to the left by a sternal depression; the cardiogram showed right axis deviation with normal chest leads; cardiac catheterization did not reveal any evidence of intracardiac abnormality but the cardiac output at rest was increased with a normal oxygen consumption.
The values calculated for the pulmonary and systemic haemodynamics are given in Fig. 2 . In this and all subsequent similar figures the pulmonary circulation is represented on the left and the systemic on the right; the height of the columns represents the values of the various factors in terms of the percentage of the normal values for the age of the subject. In this figure absolute values are given above the appropriate column in each case. The cardiac output is increased (+65%), but in both circulations the peripheral and elasticity resistances are diminished so that the pressures are all within normal limits. Both the resistances in each circulation are equally affected so that the quotient E'/Wis within normal limits in both. This case serves as an example of the alteration of the resistances in the normal subject, already referred to, which results in the accommodation of a change in the cardiac output without changes of the blood pressures, shown here to be occurring similarly in both circulations.
RESULTS IN LEFT TO RIGHT SHUNTS
We have been able to analyse the findings in eight patients with left to right shunts leading ta an increased pulmonary blood flow. The results are given in Table II . There are two patients with atrial septal defect, two with anomalous pulmonary veins, and four with ventricular septal defect, one of these last possibly having an atrial septal defect also.
Atrial Septal Defect
Case 2. B. W. (No. 0626), 7, m, came under observation for symptoms associated with a paroxysmal arrhythmia (? atrial flutter). His exercise tolerance was scarcely limited. Systolic and faint diastolic murmurs were heard at the apex; the pulmonary second sound was duplicated and increased. Radioscopy showed moderate cardiac enlargement due to the right ventricle with enlarged, pulsatile pulmonary arteries. The cardiogram showed no axis deviation in the standard leads but a notched R wave in VI Cardiac catheterization demonstrated a shunt into the right atrium, proved due to an atrial septal defect by passage of the catheter into the left atrium. In this patient the shunt is 7 3 1./min., leading to a pulmonary blood flow of 11*3 1./min.: the right atrial pressure is within normal limits, but the right ventricular systolic pressure is slightly elevated. An interesting feature is the small systolic pressure drop on passing into the pulmonary artery from the right ventricle (34 mm. dropping to 21 mm. Hg), which may be due to a " relative stenosis " produced by the dilatation of the pulmonary artery (Burchell et al., 1950) . Taking into account the patient's age the pulmonary arterial pressures are probably within normal limits although below our " normal " values; this, despite the increased blood flow, results from the extremely low peripheral resistance (W (pulm.)= 60 units which is -83% of normal and the lowest value we have found in our series). The elasticity resistance is also greatly reduced (E'(pulm.)= 500 units or -68% of normal) so that the pulse pressure is not increased despite the high stroke volume (110 cm.3). The quotient E'l W(pulmonary) is high. In the systemic circulation the blood flow, pressures, and peripheral resistance are essentially normal with the elasticity resistance only slightly increased.
Case 3. J. R. (No. 0291), 7, m., had negligible disability but examination had revealed a cardiac abnormality. There was a soft systolic murmur maximal at the apex; a diastolic murmur was not certainly heard. The pulmonary second sound was split but not loud. Radioscopy showed moderate cardiac enlargement mostly due to the right ventricle with enlargement of the pulmonary arteries and some pulsation near the hila of the.lungs. The cardiogram showed some right ventricular preponderance (R.V.P.) with a notched R in VI. Cardiac catheterization revealed a shunt into the right atrium.
The systemic flow in this patient could not be satisfactorily estimated owing to a large difference between the oxygen contents of the two venwe cave and the impossibility of obtaining a true mixed venous blood sample in the presence of the shunt into the right atrium, so data are only available for the pulmonary circulation in which the blood flow is 12 1./min. As in the previous patient the right atrial pressure is normal, the right ventricular systolic slightly elevated and there is a small pressure gradient between the right ventricle and the pulmonary artery (37-30 mm. Hg systolic). The mean pulmonary arterial pressure is normal, but the pulse pressure (25 mm. Hg or +67% of normal) is increased with a slight rise of the systolic and a considerable reduction of the diastolic pressure.
These changes are accounted for by the low peripheral resistance and normal elasticity resistance, the quotient E'/W (pulmonary) being very high. The high pulse pressure reflects the normal elasticity resistance occurring with the large stroke volume of 128cm.3
Anomalous Pulmonary Venous Drainage Case 4. W. B. (No. 0392), 12, m. Congenital heart disease was diagnosed at 6 years. Investigation had revealed some bronchiectatic changes in the left lower lobe, presumed the sequel of acute respiratory illness in infancy. There had been dyspnoea on exertion since early childhood. Clinical examination revealed dextrocardia, a systolic murmur and thrill over the pr=cordium (no diastolic murmur) and a loud pulmonary second sound. Radioscopy showed dextrocardia with situs inversus, no ventricular enlargement, but pulmonary arteries enlarged with moderate pulsation. Cardiac catheterization demonstrated a shunt into the venous atrium, and pulmonary veins were intubated entering this directly from the left lung.
The pulmonary blood flow in this patient is of the same order as in the preceeding two cases but here, in contrast, the pressures are increased. The systolic, diastolic, mean, and pulse pressures are all about double the normal, whereas the peripheral and elasticity resistances and the quotient E'/W(pulmonary) are not significantly changed from normal, so that the pressure changes are effected by the increased blood flow only. The systemic circulation is essentially normal in all respects.
Case 5. M.G. (No. H288), 8,f., had been listless as an infant and subsequently had some limitation of exercise tolerance. Congenital heart disease was diagnosed at 5 years. There was a loud systolic murmur and thrill at the apex and in the pulmonary area where the second sound was duplicated and loud. Radioscopy revealed enlargement of the right ventricle and also probably of the right atrium, with enlarged' pulsatile pulmonary arteries. The cardiogram showed R.V.P. Cardiac catheterization demonstrated a shunt into the right atrium and pulmonary veins draining into or near the lower end of the superior vena cava were intubated Allowing for the age difference, the increase of the pulmonary flow in this patient relative to the normal value is similar to that in the last, but the mean pressure is much higher (Pm= +465% of normal) due to the high peripheral resistance (+ 106% of normal). Proportionately the diastolic pressure is more increased than the systolic so that the pulse pressure is less changed. This reflects the low elasticity resistance (-31% of normal), the significance of which is all the greater in the presence of the high pressure. The relation of this to the enlargement of the pulmonary artery will be considered later. Again the systemic circulation shows no significant changes from normal, apart from a rather high elasticity resistance.
Ventricular Septal Defect
Cqse 6. R. F. (No. 0142), 12, m., had no disability and congenital heart disease was diagnosed on examination at 4 years. There was a systolic thrill and murmur in the pulmonary area with a diastolic murmur at the apex, and a loud pulmonary second sound. Radioscopy showed both ventricles to be enlarged with pulmonary arteries also enlarged and showing pulsation to the periphery of the lung fields. The cardiogram showed no definite preponderance. Cardiac catheterization demonstrated a shunt into the right ventricle.
The very -large pulmonary flow is here associated with high values for the pulmonary systolic, diastolic, and mean pressures, these being due to the volume of the flow as the peripheral resistance is on the low side of normal. The greatly increased pulse pressure (+220%) similarly results from the high stroke volume as the elasticity resistance also is low. These relationships are well shown in Fig. 3A . In the systemic circulation the blood flow is normal and the other features are on the low side of normal. This patient shows a great increase in the pulmonary arterial pressures, the diastolic being relatively the most affected; these changes are the result of several factors as the blood flow, peripheral and elasticity resistances are all increased. The changes in the two resistances are of the same order so that the quotient E'/ W (pulmonary) is normal. The systemic circulation yields normal figures. These relationships are illustrated in Fig. 3B 8, Fig. 3B ). The latter are distinguished by the relatively greater rise in the diastolic pressure.
Some of these patients have no disability but where this is present it is not associated with the largest pulmonary flows; study of the findings soon reveals that the best correlation is between disability and the magnitude of the pulmonary peripheral resistance; thus the two patients with the greatest disability (Cases 5 and 8) have peripheral resistances + 106 and + 170 per cent respectively whereas their flows are only + 142 and + 117 per cent respectively; on the other hand, for example, Case 6 who has no disability has a peripheral resistance -14 per cent but a flow +348 per cent.
The difference between the changes in the pulmonary and systemic circulations is well shown in Fig. 3 The changes in the pulmonary circulation are illustrated in Fig. 4A . It will be seen that the greatest change in the pressures affects the diastolic value, a reflection of the great increase in the peripheral resistance (+ 800% of normal). The pulse pressure is also greatly increased although here, in contrast to the previous group, the stroke volume is small (38 cm.3); this is accounted for by the very high elasticity resistance (+729% of normal). The quotient E'/W (pulmonary) is therefore normal. The systemic circulation has a normal flow and mean pressure, but the elasticity resistance and therefore the pulse pressure are rather low.
Case 11. D. L. (No. 0625), 33, f., had about a year before admission a sudden onset of dyspncea on exertion which steadily increased; cyanosis became apparent about three months later. There were no signs of cardiac failure. A systolic thrill with systolic and diastolic murmurs to the left of the sternum were present; the pulmonary second sound was increased and duplicated. Radioscopy showed cardiac enlargement mainly due to the left ventricle with pulsation in the large pulmonary arteries. Cardiac catheterization showed the same criteria.
The changes in the circulation are seen in Fig. 4B and the resemblance of the pulmonary circulatory pattern to that in the previous patient is obvious. The systemic pressures are normal although here the flow is slightly reduced and the resistances are raised. These patients show a remarkable resemblance to each other but stand in marked contrast with the previous group in that the pulmonary blood flows are reduced; the mechanism producing hypertension here is solely the increase in the resistances. In keeping with the previous group the high peripheral resistances are associated with greater disability and again the brunt of the physiological disturbance is borne by the pulmonary circulation.
Transposition of the Great Vessels In only one patient, with partial transposition and a ventricular septal defect, were full data available for analysis. We have elected to present the results at this point for, as will be seen, the hemodynamic changes lie intermediate between those of the preceding two groups.
Case 12. H. K. (No. 0109), 13, m., had been cyanosed from birth and had suffered moderate disability due to dyspncea on exertion. There was a loud systolic and a rumbling diastolic murmur to the left of the sternum; the pulmonary second sound was greatly increased. Radioscopy showed some cardiac enlarge-, ment mostly affecting the right ventricle; the pulmonary arteries were enlarged with a hilar dance. The cardiogram showed R.V.P. During cardiac catheterization both the aorta and pulmonary artery were entered, the oxygen saturation of blood in the latter being found the higher.
The pattern of the changes is shown in Fig. 5A . Like the two patients above the greatest change in the pulmonary arterial pressures affects the diastolic value (+563% of normal) and correspondingly the chief factor in producing the hypertension is the high peripheral resistance. The elasticity resistance also is increased but proportionately less so; so that E'/ W (pulmonary) is low. Unlike the two patients above, but resembling the group with left to right shunts, there is an increase of the pulmonary blood flow, so that all the three possible factors are here involved in producing the hypertension. In common with both groups the increased pulmonary peripheral resistance is associated with some disability and the systemic circulation shows only minor changes from normal. 
Primary Pulmonary Hypertension
In three patients we have found pulmonary arterial hypertension where there was no left to right shunt and where the normal arterial oxygen saturation either ordinarily or whilst breathing oxygen excluded a right to left shunt. One of these (Case 15), reported fully elsewhere (Soothill, 1951) , had no evidence of any pulmonary disease to account for these changes and would appear to be an example of primary pulmonary hypertension (Brinton, 1950) or idiopathic right ventricular hypertrophy (De Navasquez et al., 1940) . Another (Case 13) had a complex story of illness of obscure nature not obviously involving the lungs but showed some discreet mottling of unusual character in the lungs on X-ray; the pulmonary disease seemed insufficient to account for the hemodynamic changes observed and may well have been coincidental. The third (Case 14) had more obvious pulmonary disease but the general picture again suggested that the circulatory changes were not entirely accounted for by the lung changes; while it is appreciated that cor pulmonale cannot be excluded we have included it here as an example of pulmonary hypertension without a cardiac malformation. The findings in these patients are given in Table III. Case 13. D. K., 25, m., came under medical observation at the age of 20 years while in India when he was suspected of having ankylosing spondylitis and was also treated for tropical eosinophilia. At 22 years he first complained of dyspnoea and within a year first noticed cedema. His symptoms and his disability were variable, generally responding to treatment with rest in bed but relapsing on resumption of activity. When referred here there was an apical systolic murmur and an increased pulmonary second sound. Radioscopy showed great enlargement of the pulmonary arteries but with some pulsation only in the main branches; both lung fields showed scattered, sharply defined, probably calcified, miliary opacities. The cardiogram showed R.V.P. Cardiac catheterization revealed pulmonary hypertension but no evidence of any intracardiac abnormality.
The mean pulmonary arterial pressure is greatly increased (67 mm. Hg) with the systolic somewhat more affected than the diastolic, unlike the other cases in this group, so that the pulse pressure is considerably increased (57 mm.). These changes exist with a low minute volume, but a stroke volume (62 cm.3) not much changed from normal because of a rather slow pulse rate. Although both the resistances are increased the chief change is in the peripheral resistance, so that the quotient E'/ W (pulmonary) is low. The systemic circulation shows some hypotension, a reduced blood flow being associated with normal resistances. Case 14. M. L., 19, f., had suffered from bronchitis and asthma from early childhood but at an early age had already shown cyanosis and dyspnoea on exertion and had had several attacks of right-sided heart failure before being investigated. No murmurs were heard and the pulmonary second sound was thought to be normal. Radioscopy showed moderate cardiac enlargement due to the right ventricle with great enlargement of both pulmonary arteries but pulsation only just seen in the main vessels. The cardiogram showed R.V.P. Cardiac catheterization revealed pulmonary hypertension and no evidence of a left to right shunt; the arterial oxygen saturation while breathing oxygen was normal.
The pattern of changes in the circulation is shown in Fig. 5B where will be seen the great increase of the pulmonary diastolic pressure (56 mm. Hg) reflecting the high peripheral resistance (+471% of normal), the blood flow being rather low. The elasticity resistance is less affected (+ 167% of normal), so that again the quotient E'/ W (pulmonary) is low. The changes in the systemic circulation are similar to, but less than, those in the last patient, and the pressures are probably within normal limits.
Case 15. V. B., 22, m. (Soothill, 1951) , was well until a year before his investigation when he began to complain of dyspnoea on exertion which increased rapidly and was followed nine months later by congestive failure. After treatment he improved and cardiac catheterization was performed but he died a few months later in a second attack of cardiac failure. No murmur was heard but the pulmonary second sound was increased and duplicated. Radioscopy showed considerable cardiac enlargement due to the right ventricle and large pulmonary arteries confined, as was the pulsation, to the more proximal branches. l The cardiogram showed R.V.P. with S-T depression and inversion of T waves from V1-V6. Cardiac catheterization yielded results similar to those in the preceding patient. Post mortem, the thoracic viscera were examined by Dr. de Navasquez who reported that the findings, apart from some secondary changes in the larger pulmonary vessels, were those of idiopathic right ventricular hypertrophy (De Navasquez et al., 1940) .
The changes in the pulmonary circulation are the same as in the previous case but here are seen in extreme form, the great hypertension existing with a much reduced cardiac output (-68% of normal) so that the peripheral resistance is + 1900 per cent of normal, the highest value found in our series. In the systemic circulation the low cardiac output is compensated for by increases in the resistances so that the pressures are nearly normal. The three patients in this group have in common great pulmonary hypertension with reduced pulmonary blood flows, the major factor in the production of the hypertension being the great increase of the peripheral resistance. Two of them had evidence of associated parenchymatous lung changes in the form of central cyanosis abolished on breathing oxygen. There is some resemblance between this group and Eisenmenger's complex group, but here the elasticity resistance is relatively less increased and some at least of the increase observed is almost certainly secondary to the stretching of the vessel walls by the hypertension. The predominant change here is the increased peripheral resistance. This is associated in all the cases with disability and in Case 15 the observation of an extremely high resistance was shortly followed by death. In all three the cardiac output was reduced and this has led to some changes in the systemic circulation, but these are largely directed to maintaining normal pressures and are all trivial compared with the pulmonary changes.
RESULTS IN PULMONARY STENOSIS
In nine patients with pulmonary stenosis the pulmonary arterial curves and other results were satisfactory for analysis. Six were examples of uncomplicated pulmonary valvular stenosis, i.e. patients in whom there was no evidence of a shunt at any site; only two of our many cases of Fallot's tetralogy yielded suitable curves. The remaining patient (reported in detail elsewhere, Deuchar and Zak, 1951) was an example of the combination of pulmonary stenosis with an increased pulmonary blood flow. The findings in these patients are given in Table III The pattern of the changes in the circulation is shown in Fig. 6A , and apart from the pressure drop across the pulmonary valve (represented by the shaded column showing the right ventricular systolic pressure) it will be seen that it most closely resembles in form that shown in Fig. 3A illustrating a patient with a left to right shunt through a ventricular septal defect, although here the changes are smaller. The pressures in the pulmonary artery are slightly raised and this is due solely to the increased blood flow as the resistances are much reduced, especially so the elasticity resistance which is only 240 units (-77% of normal), giving a low value for the quotient E'/W (pulmonary). The systemic circulation is essentially normal in all respects. 4400 +400 +300 +300 In this patient there is a normal blood flow but definite pulmonary hypotension due to the low resistances, of which the peripheral resistance is the more reduced so that the quotient E'/ W (pulmonary) is greater than normal. This pattern of changes is shown in Fig. 6B . The systemic circulation is again essentially normal.
Case 18. I. P. (No. H302), 22, f., was diagnosed in childhood as having congenital heart disease but had no disability even after an illness which seems to have been bacterial endocarditis. There was a systolic thrill and murmur in the pulmonary area. Radioscopy showed no general enlargement of the heart but a little fullness of the right ventricle with slightly dilated pulmonary arteries and some pulsation there. The cardiogram showed no definite evidence of ventricular preponderance. Cardiac catheterization revealed a mild degree of pulmonary stenosis with no evidence of a shunt.
The cardiac output is slightly increased in this patient but in both circulations the pressures are within normal limits as there is a compensatory reduction in the peripheral resistances. The rather large stroke volume (95cm.3) is associated in the two circulations, however, with different changes in the pulse pressure; this is slightly reduced in the pulmonary but increased in the systemic reflecting correspondingly slight, contrasted changes in the elasticity resistances. The pattern in the pulmonary circulation closely resembles that illustrated in our normal case (Fig. 2) .
Case 19. C. A. (No. P247), 12,m., had been known to have congenital heart disease for many years and complained of some tiredness on exertion but had little disability. There was a systolic thrill and murmur to the left of the sternum with a diminished pulmonary second sound. Radioscopy showed a normal size heart but gross dilatation of the left pulmonary artery. The cardiogram showed R.V.P. with T inversion from Vl-V5. Cardiac catheterization demonstrated a severe degree of pulmonary valvular stenosis (ps in the R.V. = 180 mm. Hg, the highest we have recorded) with no shunt.
The cardiac output is within normal limits and the pulmonary circulatory pattern exactly resembles Case 17 above in type though the changes are slightly smaller. In the systemic circulation the only deviation from normal is a slight increase in the pulse pressure associated with increase of the elasticity resistance. It is interesting that a repeat study after pulmonary valvulotomy showed a considerable reduction of the right ventricular pressure but that in all respects the pulmonary and systemic circulation figures were unchanged.
Case 20. P. N. (No. 0511), 15, f., first noticed some dyspncea on exertion at the age of 10 years; this had not changed and she suffered little disability. There was a systolic thrill and murmur to the left of the sternum with a diminished pulmonary1 second sound. Radioscopy showed considerable enlargement of the right ventricle and prominence of the main pulmonary artery, its branches being small. The cardiogram was normal in the standard leads but the chest leads showed R.V.P. Cardiac catheterization revealed a moderate degree of pulmonary stenosis with no evidence of a shunt.
The cardiac output and the pulmonary arterial pressure although higher than the " normal" values are probably within normal limits. The peripheral resistance is on the low side of normal, but the elasticity resistance is somewhat more reduced giving a low value for the quotient E'/W (pulmonary). The systemic circulation is normal.
Case 21. J. F. (No. P206), 16, m., was diagnosed as having congenital heart diseise at the age of 3 years when the murmur was heard but had no disability until about 8-10 years, when he got tired easily but was able to walk two miles. There was a systolic murmur and thrill to the left of the sternum with diminution of the pulmonary second sound. Radioscopy showed some enlargement of the right ventricle with pulmonary arteries within normal limits. The cardiogram showed R.V.P. Cardiac catheterization revealed severe pulmonary stenosis with no shunt. Two years later at the age of 18 years there was some suggestion of increasing disability and he had an attack of unconsciousness. There was no change in the physical signs. Cardiac catheterization was repeated (Table III) and showed only some change in the pulmonary arterial pressure.
At both catheterizations a degree of pulmonary hypertension was found to accompany the stenosis; the pressure tracing from the first catheterization was not satisfactory for analysis. The cardiac output, the mean pulmonary arterial pressure, and the peripheral resistance were essentially the same on each occasion, but the first time the diastolic pressure was relatively more elevated than the systolic, whereas the second time the reverse is the case, due to the increased elasticity resistance on this occasion. The pattern of changes seen at the second catheterization is illustrated in Fig. 7A . The systemic circulation was essentially normal on both occasions. Case 22. C. H. (No. 0468), 9, f., was found to have a murmur at six years but the time of onset of her disability was uncertain; dyspnaea on exertion had gradually increased and was moderately severe at the time of investigation. She also suffered from a chronic cough. There was a systolic thrill and murmur associated with a diminished second sound in the pulmonary area; rhonchi were heard in both lungs. Radioscopy showed considerable cardiac enlargement mainly due to the right ventricle; the pulmonary conus area was prominent but the branches of the pulmonary artery were small. The cardiogram showed R.V.P. Cardiac catheterization revealed a severe degree of pulmonary stenosis; the arterial oxygen was only just below normal and this was thought to reflect her pulmonary disease rather than to indicate a shunt. Fig. 6B ; here the normal blood flow is associated with pulmonary hypertension due to an increase of the resistances, of which the elasticity resistance (E') is seen to be the more important (Case 21). (B) Fallot's Tetralogy. The pulmonary pattern here shows changes similar to those in Fig. 7A but with a reduced blood flow due to the right to left shunt and with the elasticity resistance change even more prominent (Case 23). In both cases the systemic patterns are essentially normal.
In the pulmonary circulation the mean arterial pressure is virtually normal with slight wvidening of the pulse pressure, but this is associated with a low blood flow so there is some elevation of the peripheral resistance (+ 1 13% of normal) and considerable increase of the elasticity resistance (+604% of normal), giving a high value for the quotient E'/W (pulmonary). The low blood flow and normal pressure in the systemic circulation are associated with similar but lesser changes in the resistances. . 0168) , 16, m., had been cyanosed from infancy and had dyspnoea on exerttoll but was not greatly disabled. There was a systolic murmur to the left of the sternum. Radioscopy showed a sabot-shaped heart (Fig. 8) with enlargement of the right ventricle and light lung fields. The cardiogrami showed R.V.P. Cardiac catheterization findings were in keeping with Fallot's tetralogy, the right to left shunt being 3 1./min.
The pulmonary arterial diastolic pressure is normal but the systolic is raised, so the pulse pressure is increased despite a small stroke volume (38 cm.3). This reflects a considerable increase of the elasticity resistance (+345%). The normal diastolic and slightly raised mean pressure with the low blood flow are associated with a slightly raised peripheral resistance (+63%). The quotient E'/W (pulmonary) is high. The systemic circulation is normal in all respects. These patterns are illustrated in Fig. 7B .
Case 24. D. J. (No. P142), 14, f., had cyanosis and some dyspnzea on exertion from infancy but had not been greatly disabled until 12 years old when, following what seemed a respiratory illness, she began to get cyanotic attacks and suffered considerable decrease in her exercise tolerance. There was a systolic thrill and murmur to the left of the sternum with diminution of the pulmonary second sound. Radioscopy showed some enlargement of the right ventricle with nothing remarkable about the pulmonary arteries. The cardiogram showed R.V.P. Cardiac catheterization findings were in keeping with Fallot's tetralogy (right to left shunt= 25 ./min.) with a double pressure change between the right ventricle and the pulmonary artery suggesting the presence of both infundibular and valvular stenosis (confirmed at operation).
The pulmonary blood flow is normal and there is some increase of the pulmonary arteriat pressure, chiefly affecting the diastolic level, so the peripheral resistance is increased (+89%). The elasticity resistance is slightly diminished and the quotient E'/ W (pulmonary) is low. There is a normal mean systemic arterial pressure but a low pulse pressure associated with some increase of the blood flow: accordingly both the resistances are reduced, the elasticity the more so.
Summary of Cases with Pulmonary Stenosis
In this group the only feature common to all cases is a pulmonary stenosis, ranging in degree as can be seen from the right ventricular pressures in Table III , from moderate to severe. It is clear that there is no typical circulatory pattern associated with this owing to the large number of other variables in these patients. Despite the small number in this series and the complexity of the inter-relationships involved it seems to us that some correlations are suggested by our findings. The first case is unusual in having a left to right shunt'associated with the stenosis but apart from that does not differ in any fundamental way from the rest of the group in whom the blood flows range from slightly raised to considerably diminished; so there seems no reason for not including this patient in our consideration of the group as a whole. (Fig. 9) are associated with the lowest elasticity resistance; in Case 17 dilatation is again found with a low elasticity. Conversely in Case 23 (Fig. 8 ) the typical sabot shape due to small pulmonary arteries is associated with a high elasticity resistance. In Case 22, where the elasticity resistance was the highest in this group, altho'ugh there is some prominence in the pulmonary conus area on the plain radiograph, the angiocardiograph shows that much of this is due to the ventricular enlargement and that, the pulmonary arteries are small, especially in the lung fields.
There seems to be no simple relation between the degree of stenosis and the disability (e.g. Case 19 appears to be one of the most severe stenoses but his disability is slight) which is scarcely sur-prising in view of the other independent factors that, prima facie, would be expected to affect disability. In Table- greater. With the close interdependence of blood flow and peripheral resistance it is not surprising that a somewhat similar correlation exists in this group between low blood flow and disability but we shall discuss later reasons for believing that the resistance is the more important factor.
The patients in this group, like those in the others, show predominantly normal patterns in the systemic circulation, independent of the type of pattern found in the pulmonary circulation. Even more striking is the close adherence of the mean systemic arterial pressures to the normal values; the range observed is only from -10 to +6 per cent of normal.
DISCUSSION
To appreciate the significance of these observations it is necessary to understand how the various components interact to determine the actual blood pressure. Our knowledge in this field derives from the work of Frank (1899 and 1926) and his followers, e.g. Broemser and Ranke (1930), Broemser (1939) , and Wezler and Boger (1939) , in their physical and mathematical analysis of the mechanical constitution of the arterial system and the theory of blood pressure. The conceptions of the blood flow and the peripheral flow resistance and their interrelationships are well known and need no further description here. The role of the effective volume elasticity coefficient and its relationship to the Windkessel function of the main vessels is less known. The term itself is defined by the expression E'= Ap/A V, where Ap is the change of pressure inside the vessel resulting from changing its volume content by A V. Its value is also given by the expression E'=K/V, where K is a measure of the elasticity of the vessel wall and V the volume content of the vessel (Frank, 1899 and 1926) . It will be seen that E' is more than a simple expression of the elasticity of the vessel wall involving, as it does, also a consideration of the size of the vessel. We are here speaking of elasticity in its true physical sense, i.e. the greater the elasticity of the wall, as expressed by K, the less the distensibility of the vessel so that the effective volume elasticity coefficient is a measure of the resistance of the vessel to distension. Hence our description of it as the " elasticity resistance."
The interrelationships of these components are naturally complex and have been discussed in detail by Wezler (1943) but briefly they can be summarized as follows. (1) An increase of the minute volume by itself results in an increase of diastolic and systolic pressures; the effect on the pulse pressure will depend upon the heart rate as this affects the stroke volume. (2) An increase of the peripheral resistance alone leads to a rise in the diastolic and systolic pressures but predominantly affects the former thereby reducing the pulse pressure. (3) An increase of the elasticity resistance alone leads to a fall in the diastolic pressure and an increase in the systolic thereby widening the pulse pressure, as has been demonstrated directly in heart-lung preparations (Knebel, 1941a and b) .
All these statements presuppose a change of one of the components only but in practice any combination of changes may occur producing correspondingly modified alterations of the blood pressure. It is not possible, therefore, by a simple consideration of the pressures recorded to judge the changes, and the values of the components must be calculated in each case.
It has been possible hitherto to study these changes in the systemic circulation by means of physical methods based on the velocity of the pulse waves in the main arterial vessels and these methods have been applied extensively in normal persons and patients with systemic hypertension or a variety of circulatory disturbances (for full references see Wezler, 1943) . The application of formulae derived by Frank (1926) and by Wezler and Boger (1939) and simplified by Broemser and Ranke (1930) to the data obtained during cardiac catheterization now gives us a way of studying these changes simultaneously in both the systemic and pulmonary circulations.
It is known from the work on the systemic circulation just referred to that the normal values for these components vary with age. At present factual data are only available for calculation of the normal pulmonary values in adults, so, as described, we have had to construct from a variety of sources some approximations for the values of childhood. From these calculations it is possible to give some quantitative expression to the well known differences between the two circulations 1950) . Normally, the minute volume of the two circulations is the same; it follows that the pressure differences between them must arise from differences of resistances. From our figures it can be seen that the greater difference is in the peripheral resistance (which for the systemic circulation is 7 times as large as for the pulmonary in adults), the difference in the elasticity resistances being only about one-third of this. This is shown in the important quotient E'/ W with a value 3 5 for the pulmonary circulation as opposed to 1 2 for the systemic in normal adults. These resistances are not, however, fixed quantities and we are discussing values observed under resting or basal conditions; this is well illustrated by the figures obtained in our normal case (Fig. 2) where the high cardiac output has been accommodated in both circulations by equal changes in the two resistances so that the pressures are maintained within normal limits.
In our patients we have observed a wide range of variations from the normal circulatory patterns and many have shown pulmonary hypertension. In the patients with left to right shunts we have observed examples of this hypertension due solely to high minute volume (Fig. 3A) and others due partly to an increase of the resistances (Fig. 3B ), but in all the increased flow is the chief factor. Other members of this group must not be overlooked who, like our normal case above, have accommodated the increased flow by reducing the resistances and so maintained normal pressures. By contrast the two patients with Eisenmenger's complex have pulmonary hypertension with small minute volumes and therefore due solely to changes in the resistances (Fig. 4A and B) . The group with primary pulmonary hypertension similarly have hypertension due to an increase of resistances although here the elasticity is less affected (Fig. 5B) . Our case of transposition of the great vessels (Fig. 5A ) occupies a somewhat intermediate position. We have also observed slight pulmonary hypertension in a few patients with pulmonary stenosis and in these the responsible components are again the resistances, but from Fig. 7 and the values in Table III for Case 22 it is clear that the elasticity resistance is of greater importance here. Pulmonary hypertension in these patients may therefore result from a considerable variety of mechanisms.
In the pulmonary stenotic group we have already drawn attention to the inverse relation between the size of the pulmonary artery and the observed elasticity resistance; thus dilated pulmonary arteries have been observed in cases with very low values and, conversely, small arteries with high values. This important observed relationship agrees with the relationship expected from the definition of the elasticity resistance which, as already noted, is concerned with the vessel size in such a way that, other things being equal, the larger the vessel the less the elasticity resistance. The importance of the elasticity resistance in relation to the pulmonary arterial pressure in this group has just been noted, hence the importance of the vessel size. The qualification " other things being equal" in the statement concerning elasticity resistance and vessel size is important. If the vessel be distended by a high pressure the size will be large but the elasticity resistance may be large also owing to the increase of the factor K when the vessel wall is stretched to near its elastic limit. This accounts for the significance we have attached in some patients to relatively low elasticity resistances occurring with considerable hypertension, and also for the absence of the simpler relation between elasticity resistance and vessel size in many of the earlier cases with pulmonary hypertension, although it commonly holds in the first group when hypertension is slight or absent.
The elasticity resistance must clearly play an important role also in the matter of pulsation of the pulmonary vessels as seen on radioscopy. We have endeavoured to investigate this in some selected cases that have already been discussed elsewhere by Campbell (1951) , adding a few others from the pulmonary stenotic group for contrast. Campbell has concluded that increased pulmonary blood flow is the important factor and that raised arterial pressure although having some effect in producing visible pulsation is less important.
It is possible from our data to analyse the relationship more exactly. During systole, part of the volume of blood ejected from the ventricle flows directly into the peripheral circulatory bed, the rest serving to dilate the arterial tree from its diastolic volume; during diastole this latter portion is also driven into the periphery by the elastic recoil of the arterial wall; this is the essence of the Windkessel function of the arterial system. If the volume A V in the expression E'= Ap/A V is the volume just mentioned that dilates the arteries, then Ap is the pulse pressure, available from the pressure records. E' is calculable and therefore it is possible to obtain A V. This volume is a measure of the " storing capacity" of the Windkessel function of the arteries and is spoken of as the pulse volume, as opposed to the stroke volume of which it forms a part. The stroke volume (Vs) being also known it is possible to determine from the simple function A V/Vs the portion of it which is stored in the arterial tree in the way described. This value is related closely to the quotient E'/W and we shall discuss this elsewhere (Deuchar and Knebel, 1952) .
The values we have obtained in 17 patients are given in Table IV together with the size of the pulmonary artery and the degree of pulsation seen on radioscopy as reported by Dr. Campbell.
The two examples of atrial septal defect (Cases 2 and 3) provide an instructive contrast; both have large and nearly equal stroke volumes yet in the former there was striking pulsation whereas in the latter it was seen only in the larger pulmonary vessels. From the table it can be seen that this is associated with a much larger pulse volume and " stored portion " in the former than in the latter (A V/Vs=036 and 017, respectively). This suggests that a large pulse volume or" stored portion" may be in some patients an important determining factor in producing visible pulsation. Further study of the table shows that all the patients in the anomalous pulmonary venous drainage and ventricular septal defect group have large pulse volumes and stored portions (A V/Vs ranging from 030 to 056) associated with considerable pulsation. (Case 9 has a large pulse volume with Vs=21 cm.3 as the age of the patient was only 3 years). In the pulmonary stenotic group there was one patient (Case 18) who showed some, pulsation in the large pulmonary vessels. This patient stands in striking contrast to the other two with pulmonary stenosis in respect especially of the pulse volume, which is several times greater in the case with pulsation than in the others (Table IV) ; interestingly the pulse pressure in this patient was lower than in the others (Pp= 13 and 26 or 23 mm. Hg, respectively).
Less easy to explain on the basis of the pulse volume is the pulsation seen in the Eisenmenger, transposition, or primary pulmonary hypertension groups for although the pulsation is generally somewhat less obvious it is none the less present with pulse volumes that are on the average considerably less than those we have so far considered. In all these cases, however, on account of the high peripheral resistance they have, the " stored portion " is high. It may be that this being so the rate of dilatation of the arteries in systole is greater and therefore more obvious on radioscopy although the amplitude may not be so great. It would be interesting to investigate this by means of electrokvmographic studies.
It seems, therefore, that in many cases a large pulse volume is the chief factor in producing visible pulsation, as can be readily understood, but even when this is small a high " stored portion"
appears by some less obvious mechanism to be important; as already noted a high " stored portion" often occurs when the peripheral resistance and hence the arterial pressure is high, so that this latter mechanism is probably the one concerned in patients showing visible pulsation in whom there is hypertension without an increased blood flow. In all the diagnostic groups we have considered there are some patients who are disabled to a greater or lesser degree but the reasons why one patient should be disabled and another not are by no means clear. It is easy to visualize the mechanical effect of a pulmonary stenosis restricting the blood flow and producing disability, but, from our cases it is clear that the disability is not related to the severity of the'stenosis alone (see Case 19 in Table III ). The cause of disability in other groups such as those with left to right shunts is less apparent. We have noticed in the course of this study, and have already commented upon, a relationship that seems to exist between an increased pulmonary peripheral resistance and the presence of disability in all of these groups, even those with Another feature that we regard as of fundamental physiological importance has been noted to be common to all groups and that is the difference between the changes observed in the two circulations. The nature of these differences has already been stressed in each group and is well shown in the figures illustrating the circulatory dynamics. In all cases the systemic circulation is essentially normal or any adjustments found are directed towards maintaining normality of arterial pressure especially and also of blood flow where possible. In contrast the pulmonary circulation may suffer large changes from normal and these can sometimes be interpreted as being necessary, in view of the cardiac abnormality present, to assist the maintenance of normal conditions within the systemic circulation. Our findings, therefore, would suggest that the regulatory mechanisms of the systemic circulation are predominant and that such regulation as exists in the pulmonary circulation is subordinate to the needs of the systemic.
SUMMARY
A method has been devised, using data obtained by cardiac catheterization studies and formulk relating to the Windkessel (pressure reservoir) function of the arterial system, that enables bthe elasticity resistance as well as the peripheral resistance to be calculated for both systemic and pulmonary circulations.
Sets of normal values according to age have been calculated for both circulations. These figures give a quantitative expression to the differences between the systemic and pulmonary circulations.
The data obtained from cardiac catheterization studies on 24 subjects with congenital heart disease have been used and the findings are presented in groups according to the anatomical diagnosis; the patterns of the circulatory changes in these groups have been illustrated and described.
Pulmonary hypertension has been observed in many patients and the different mechanisms of its production have been discussed with reference to the observed findings. It has been shown that in congenital heart disease it may result from a variety of circulatory changes requiring full analysis for their differentiation.
In cases with pulmonary stenosis a relation has been observed between vessel size and the elasticity resistance in the pulmonary arterial system which is in agreement with the theoretically predicted relation and affects the circulatory dynamics.
The relation between the elasticity resistance and the occurrence of visible pulsation in the pulmonary arteries on radioscopy has been examined, and it has been shown that these are probably connected by the influence of the former on the pulse volume or "stored portion" of the stroke volume in conditions either of increased flow or high pressure.
A relationship has been observed in all groups between a high pulmonary peripheral resistance and disability; the significance of this has been discussed briefly.
In all groups the circulatory patterns in the two circulations have shown striking differences; the systemic circulation is always adjusted towards normal whatever the changes in the pulmonary circulation.
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